or ␦ (i.e ␣1 X), respectively, before the one letter amino acid code indicating the subunit type and the position in sequence). Sequence analysis has shown that resistance of certain species such as mongoose and cobra to ␣-BTX is correlated with mutations in this region (Bar- 
for HAP (Harel et al., 2001 ) and HAP2 the structure calculations of the ␣-BTX/␣1 182-202 complex were not observed for ␣7
181-200
.
including 375 intra-toxin, 104 peptide/toxin, and 43 intraThe structure of the whole AChR has not been solved peptide constraints. This is an order of magnitude more yet at high resolution. Recently, the crystal structure of long-range distance constraints than those used by a snail ACh binding protein (AChBP) was determined Hawrot and coworkers for a shorter ␣1 peptide (Zeng (Brejc et al., 2001 ). This homopentamer shares 27% seet al., 2001). Torsion-angle constraints included 77 quence identity with ␣7. Superposition of the toxin φ-angles and 41 1 -angles. Figure 1A shows the backbound high-affinity peptide HAP on the analogous rebone superposition of 28 lowest energy structures of gion of the AChBP located the binding site for the complex that satisfy the experimental restraints with ␣-neurotoxins at the outer perimeter of the AChBP at no NOE violations larger than 0.4 Å and no torsion angle the interface between two identical subunits (Harel et violations exceeding 5Њ. The overall structure of the comal., 2001). The molecular axis of the toxin was found to plex is well defined with rmsd values of 0.84 Å and be perpendicular both to the 5-fold symmetry axis and 1.45 Å for the backbone and heavy atoms, respectively to the tangent to the pentameric ring (the molecular axis (excluding peptide terminal residues ␣1 R182-␣1 G183 and of ␣-BTX is defined here as the long axis of the second ␣1 I201-␣1 T202). The structure of the ␤ strands is very well finger). Due to the perpendicular orientation, the contact defined with rmsd values of 0.45 Å and 1.00 Å for the area between the toxin and the receptor is only 760 Å 2 , backbone and heavy atoms, respectively. The statistical not accounting for the extremely high affinity between data for the final set of structures are presented in the two proteins. Moreover, the superposition used re- Table 1 . sulted in numerous clashes between the toxin and the The Ramachandran plot (not shown) of the mean homopentameric AChBP that could potentially be restructure of the complex suggests that the φ and lieved by elaborate modeling. The clashes prevented angles of the structure predominantly occupy allowed detailed analysis of the interactions between ␣-BTX and regions. Only one residue is outside the allowed region, the heteropentameric muscle AChR, and the interacnamely ␣1
C192. The φ and angles of

␣1
C192 are distions between the two proteins could be inferred only torted probably due to the vicinal disulfide bridge with by analogy to the AChBP.
C193. Such disulfide bonds are rare in proteins due to
In the present study, we determined the solution structheir unusual strain in bond length and angle, suggesting ture of a complex between ␣-BTX and a peptide correthat they must play an important role in agonist binding sponding to the segment ␣1 R182-␣1 T202 containing the (Kao and Karlin, 1986). entire major ligand binding domain of Torpedo ␣1, including all residues previously found to be important for Structure of the Bound ␣-BTX species-specific resistance to ␣-BTX. The one residue As shown in Figure 1B , the overall structure of ␣-BTX insertion in the ␣1 sequence in comparison to ␣7 and consists of three long fingers and a C-terminal tail. Fina different location of the proline residues resulted in a ger I forms a ␤ hairpin with two antiparallel ␤ strands ␤ bulge within the ␤ hairpin, not found in ␣7. 
P197-
␣1
D200 in of AChR inhibition by snake ␣-neurotoxins.
stabilizing the complex.
Results
Structure of Bound ␣1
182-202
As already revealed in secondary structure determinaStructure Determination tion of the bound peptide (Samson et al., 2001 ), ␣1
Structure determination by NMR is based on a large adopts a ␤ hairpin conformation, consisting of two antinumber of constraints on inter-proton distances obparallel ␤ strands formed by residues ␣1 H186- ␣-BTX binding site. As shown in Figure 2C and C48  I178  P49  I178  K51  W170  E182  K52  E169 W170  D180  P53  E166  Y54  E166 A167 V168 E169 I186  R187 I167  D168 K170  E55  E169 W170  E182  H68  Y189 T191 C192  P69 T191 C192 K70 T191 C192 P194 Q71
C192 P194
Underlined are residues that form intermolecular toxin-receptor hydrogen bonds. Interactions between the toxin and the ␣-subunit that were detected by NMR are in italics.
five identical subunits arranged as a doughnut to form NMR structure of this entire segment was used instead of a model based on AChBP, which has one deletion a central pore. This protein is not an ion channel and therefore does not require a negatively charged duct in this segment. The exchange with the whole ␣-BTX/ ␣1 182-202 complex automatically dictated the position of along its 5-fold axis. Indeed, the electrostatic potential map of AChBP, shown in Figures 3A and 3B , presents the toxin relative to the receptor, thus generating an NMR-derived model for the ␣-BTX/AChR-EC complex a slightly positively charged cavity on one side (3A) and a slightly negative cavity on the other side (3B). On the ( Figures 3F and 3G) . A steric clash observed between the sidechain of B S34 and the receptor was resolved by other hand, the heteropentameric AChR forms a strongly negative duct ( Figures 3C and 3D 
